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ABSTRACT 
Electric utilities, by encouraging the use of high efficiency heat 
pumps, have increased the amount of power electronics in the 
residential sector. This report examines the impact that an 
adjustable speed drive heat pump has on the electric distribution 
transformer. Using a PSpice model of the components and ANSIDEEE 
Recommended Standard C57.1 10-1986, the transformer capability to 
supply a nonsinusoidal load current to the residence is established. 
CHAPTER 1 
INTRODUCTION 
1.1 Motivation and main objective 
Every year brings major advances in the performance of power 
solid state devices. Lower prices are c~ncomitan~t  with these 
developments. Also, there has been continuing attention given to 
energy conservation and the associated benefits of e:lectric power 
flow control. These factors have led to increasing use of power 
electronics i n  residential applications. 
One of the first of these power devices to enter the consumer 
sector is the advanced generation heat pump. Although these 
devices encompass a wide variety of new types of hea,t pumps, this 
report focuses on models which employ an adjustable speed 
compressor. The continuously variable speed drive of the 
compressor offers substantially better energy efficiency. 
The efficiencies realized by the introduction of high power 
electronics into heat pumps can also be directly applied to electric air 
conditioners. However, heat pumps have traditionally taken the lead 
i n  higher energy efficiencies. The results of this report can also be 
applied to the next generation of electric air conditioners. 
The main objective of this report is to address the effect that 
residential high power electronics have upon the electric power 
distribution system. The specific application presented i!s the effect 
of adjustable speed drive (ASD)  heat pumps on electric power 
distribution systems. 
With the decreasing cost of power electronics comes an 
increasing use of such devices in  the residential sector. Many electric 
u t i  Ii t y  companies have traditionally advocated increased energy 
efficiencies i n  household appliances as part of their demand-side 
management programs. They have done so with various types of 
credits and/or other financial benefit programs. The utilities have 
chosen this action for various reasons. Good public relations is one 
reason. Conservation of energy, and lowering consumers energy bills 
are other reasons for encouraging the use of high efficiency heat 
pumps. Their use may also improve the load factor for the electric 
u t i l i t y .  The electric u t i l i t y  company supports these programs under 
the belief that the high efl'iciency heat pumps have no negative 
impact on the distribution system. This report addresses this 
concern 
1.2 The adjustable speed drive heat pump 
The majority of heat pumps i n  residential applications are of 
the air-to-air type. 1 14 1. Air  is used both as the heat source and as 
the heat sink. The basic arrangements of heat pump components are 
shown i n  Figures 1 - 1  and 1-2 i n  both the heating and cooling modes 
of operation respectively. The heat pump consists of an evaporator, 
a condenser, two fans, an expansion device, a compressor, and a 
compressor drive. I n  most residential applications the vapor 
compression system is used for the refrigeration process [3]. Cool 
low-pressure liquid refrigerant enters the evaporator and 
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Heat Pump in Cooli~ig Mode of Operation 
surrounding the evaporator. The refrigerant then leaves the 
evaporator as a cool low-pressure gas. It then enters the compressor 
where its pressure and temperature are increased. The ;refrigerant is 
then discharged as a hot high-pressure gas to the condenser. There 
it condenses into a liquid and releases heat into the air. The 
temperature of the air surrounding the condenser is lower than that 
of the refrigerant gas. The hot high-pressure liquid then flows 
through the expansion valve back to the evaporator. The expansion 
valve reduces the hot high-pressure refrigerant liquid back to a cool 
low-pressure liquid. thus completing the cycle. 
Conventional heat pu~r~ps  must continually cycle "off" and "on" 
to maintain a comfortable indoor temperature, due to the fact that 
the compressor drive operates at only one speed. Thus, the heat 
pump must run at f u l l  capacity whenever i t  is operative. With the 
ASD heat pump the compressor speed can vary to closely match the 
heating/cooling load of the home. 'This leads to superior energy 
efficiency (31. The indoor telriperature can be kept within a much 
smaller tolerance, providing a greater comfort level. Better humidity 
control is also obtained with i t  system which is continually operative. 
Similar economies are gained by the use of variable speed fans. 
This report does not address this concern. I t  is assumed the greater 
gains i n  energy efficiencies iire had with the use of adjustable speed 
compressors. Thus, the fans on the condenser and evaporator being 
considered are single speed. 
The higher energy efficiency is achieved by allowing the 
refrigerant the longest amount of time possible in the evaporator and 
condenser while still meeting the load requirement. This leads to 
greater heat transfer i n  these two heat exchangers given the same 
amount of refrigerant passing through these components. Assuming 
the same amount of electrical energy is needed to circulate a given 
amount of refrigerant through the system, a net increase in heat 
transfer is accomplished. Thus, higher energy efficiency is achieved. 
Reciprocating compressors are almost exclusively the type used 
in residential heat pumps today 1141. The scroll compressor is seen 
by some as the compressor which wil l  eventually replace its 
reciprocating counterpart. The scroll compressor does offer higher 
efficiencies and presents a much smoother load torque to the 
compressor drive. However, this report only deals with the 
reciprocating compressor since i t  is the dominant type i n  residential 
heat pumps i n  use today. 
The drives of residential heat pumps are typically two-pole, 
single-phase induction motors. These directly drive the compressors. 
Various exotic strategies exist for adjusting the speed of the electric 
motor drive. These variable-frequency converter types include the 
pu lse-wid th-modulated vol tage-source inverter, the square-wave 
voltage-source inverter, and the current-source inverter. The drive 
considered i n  this report is a variable-vol tage, constant-frequency 
type. This desigri was cllosen because of its simplicity. Back-to-back 
thyristors or a triac are connected i n  series with the stator. When 
the firing angle of the thyristors is delayed, a chopped sinusoid 
voltage is applied to the stator winding. Thus, the fundamental 
frequency component of the stator voltage is reduced be delaying the 
firing angles of the thyristors. A variable speed drive is then 
achieved. 
1.3 ANSIIIEEE Recommended Practice (257.1 10-1986 
The IEEE recommended practice for establishing transformer 
capability when supplying non sinusoidal load currents is contained 
in an American National Standard ANSIIIEEE C57.110-1986. This is 
an extremely complicated subject and may require extensive 
computer analysis for an exact solution. This recommended practice 
presents approximate techniques for determining a conservative 
estimate of the capability of transformers to supply non sinusoida1 
load currents without loss of normal life expectancy. 
Higher harmonic content in the load current increases the eddy 
current loss in  the transformer. 'These increased eddy currents occur 
in all iron parts of the transformer. The increased eddy currents 
lead to a higher operating temperature of the transformer. This, in 
turn results i n  a shortened useful life of the transformer. There are 
also I2R losses i n  the transformer winding, terminals, and other 
current carrying components. If  I l l  is larger due to harmonics, the 
I 2 R  losses will be correspondingly higher. The ANSIIIEEE 
Recommended Practice (257.1 10-1986 considers both loss types. 
The application of this recommended practice is limited to dry- 
type distribution and power transformers, and liquid-immersed 
power transformers up to SOMVA rating, when subjected to non 
sinusoidal load currents which have a harmonic factor exceeding 0.05 
per unit. Two methods are described i n  ANSIjIEEE C57.110-1986 for 
determining the derating of the transformer. The first method 
assumes availability of information on the loss density distribution 
within the transformer windings. The second method assumes access 
to transformer certified test report data. This section discusses the 
first method. The latter method is less accurate and is primarily 
employed by users. 
The transformer is presumed to be operating under usual 
service conditions other than its high load current harmonic factor. 
ANSI/IEEE C57.110-1986 establishes a current derating factor for 
load currents having a given harmonic composition. The transformer 
capability equivalent is given by 
The maximum permissible non sinusoidal load current with a 
given harmonic composition is given by I M A X .  The parameter PLL is 
the load loss density under rated conditions expressed in per unit of 
rated I 2 R  loss density. The parameter P E c  is the winding eddy 
current loss under rated conditions expressed in per unit of rated 12R 
loss density. The harmonic order is given by h. 'The harmonic 
current distribution factor for harmonic h is given by fh ,  where f h  is 
/ . This ratio i s  equal to the harmonic (h) component of the 
current divided by the fundamental (60Hz) component of the 
current. Equation 1-1 gives the maximum load current which will 
ensure that the losses of the windings do not exceed the value of 
losses under rated 60Hz operating conditions. 
1.4 Literature summary 
The subject of this report falls into the category of electric 
power quality [ I ] .  A particularly important area within electric 
power quality relates to harmonic voltages and currents in 
distribution systems. These harmonics result from nonlinear loads. 
Analysis of harmonics i n  the distribution system is readily 
accomplished using a numerical solution technique (e.g., PSpice) 
followed by calculation of the voltage and current spectrum (e.g., 
using the fast Fourier transforn~ or FFT). This method is covered in 
depth in  121. 
A particularly significant source of harmonics in the residential 
sector is attributed to high efficiency heat pumps. The entire subject 
of heat pumps is analyzed i n  131. This includes a large discussion of 
the thermodynamic principles which are involved. The advanced 
generation heat pump referred to i n  this report is presented in 
references 14,51. Strong motivation for implementing such devices is 
provided for electric utilities and consumers alike. The 
environmental benefits of adjustable speed drive applications is 
shown in an EPRl report of similar name [6]. 
The electronic drive colnmon to heat pump applications is 
presented in 171. Various adjustable speed drives are analyzed in [8]. 
Also discussed are harmonic compensation techniques. The electric 
motor model used in  this report was taken from [9]. 
The modeling of the electric distribution system, electronic 
drive, and motor was done on Macintosh using PSpice: by Microsim 
Corporation [ lo] .  An excellent beginning book on circuit simulation 
using PSpice is given by I l l ] .  Reference [12] provided a resource for 
advanced topics on SPICE. 
CHAPTER 2 
THE IMPACT OF THE ADJUSTABLE SPEED DRIVE HEAT PUMP 
ON THE DISTRIBUTION TRANSFORMER 
2.1 Simulation of the adjustable speed drive heat pump 
The PSpice circuit simulation used to represent the ASD heat 
pump, the distribution transformer, and the distribution system is 
shown in Figure 2-1. The corresponding PSpice input (circuit) file is 
given as the Appendix. 
As shown in Figure 2-1, the system voltage is set by VIN to 
220V RMS. The distribution system impedance is assumed to be 
purely reactive. The system impedance is represented by LSYS of 
0.8mH. The distribution transfornier is modeled by a series 
impedance given by RXFRM and LXFRM of 0.007R and 0.18mH, 
respectively. 
I n  parallel with the ASD heat pump is a resistive element 
RLOAD of 75R.  This is used to model other load currents at the 
residence. This non-ASD heat pump current is 2.9A RMS. 
The variable-voltage. constant-frequency motor drive 
electronics are represented by tlie thyristors XSCRl and XSCR2. The 
PSpice model of the thyristors can be examined in detail in the 
Appendix. The turn on time of the thyristors, given by a in degrees 
of the nominal system frequency of 60Hz, was allowed to be 0°, 15", 
30°, 45", 60". 75" and 90" in the circuit simulations. 
The induction motor is represented by the equivalent circuit 
model consisting of L1, XRES, L2, R2, L3 and R3. The use of this 

simple model for the application is discussed in Section 2.3. The 
element XRES is a time varying resistor and is explained further in 
the next paragraph. The inductors L1, L2 and L3 have the values 
6.5mH, 6H and 0.65 mH, respectively. The resistive elements are 
given by R2 of 500R and R3 of 1R as shown in  Figure 2-1.. 
The PSpice circuit element XRES simulates a time varying 
resistor of the form given by Equation 2-1. The time is given by t. 
The frequency o is the nominal system frequency of 1 2 0 ~  radls. 
The slip of the induction motor is represented by SLIP and is 116 in 
the simulation. The expression for R X R E s  is, 
R X R E s  = 10 + 4sin(2w(l-SL1P)t) R.  (2 -1)  
The resistance of this circuit element is allowed to vary in order to 
more accurately model the varying load torque produced by the ASD 
heat pump compressor. Since the compressor is directly coupled to 
the induction motor, the compressor rotational drive frequency o, is 
the same as the induction motor mechanical frequency, a,. 
Assuming a two-pole motor, o, equals o(1-slip), where o represents 
the nominal frequency of 13,071 rad/s for the system. The frequency 
o is doubled to reflect both the compression and suction strokes of 
the compressor piston during one electrical cycle. 
Each sirnulation was allowed to run for 50ms. The 
instantaneous power demand, secondary current, and secondary 
voltage waveforms for the various delay angles a are shown in 
Figure 2-2a through 2-2g. The fast Fourier transform of the 
secondary current and the secondary voltage for the various a are 
shown i n  Figures 2-3a through 2-3g. 
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Figure 2-2a 
Instantaneous Power Demand, 
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Figure 2-2e 
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Figure 2-3f 
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Figure 2-3g 
Secondary Current Spectrum, 
and Secondary Voltage Spectrum 
for a = 90" 
2.2 Distribution transformer derating 
The harmonic distribution for the secondary current shown in 
Figures 2-3a through 2-3g is presented in Figure 2-4. The 
magnitudes of the load current for the fundamental through 15th 
harmonic are given. The total harmonic distortion is given by 
The total harmonic distortion i n  the load current for the various 
delay angles is given in  Figure 2-5. Scaling the harmonic spectrum of 
the secondary current given in  Figure 2-4 to 1 per unit leads to the 
harmonic spectrum of the load current i n  Figure 2-6. 
The load current values i n  Figure 2-6 can be applied to 
Equation 1-1. Assuming the winding eddy current loss under rated 
conditions at the point of maximum loss density is 155% of the local 
1 2R  Ross, all the information necessary to calculate the transformer 
capability is available. Using ANSI/IEEE Recommemded Practice 
C57.1 10- 1986, the transformer capability is calculated. This is 
shown in  Figure 2.7. As an example, take the per unit load current 
harmonic spectrum for a = 90" from Figure 2-6. Applying ANSI/IEEE 
C57.110-1986 leads to the table on the following page. 
Calculation of the transformer derati ng leads to the following table: 
Substitute the appropriate values directly into Equation 1 - 1 .  The 
estimate of the derating i s  
or 91.0%. Thus, the transfortrier capability is approximately 91.0% of 
its sinusoidal load current capability with a delay angle a of 90" 
Figure 2-4 
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Figure 2-5 
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As the control angle a was allowed to vary from 0° to 90°, the 
total harmonic distortion increased as seen i n  Figure 2-5. This causes 
a slowing of the heat pump compressor which coincides with the 
heatinglcooling demand. With this total harmonic distortion comes 
an associated decrease i n  the distribution transformer capability as 
shown i n  Figure 2-7. 
I n  this report the change i n  induction motor rotor slip 
accompanying the change i n  speed of the compressor was not 
modeled. The slip was held constant at 116. The non-ASD heat 
pump load was assumed constant and purely resistive. The 
distribution transformer was also assumed to serve only one 
residence. The assumption of single residence load may be 
appropriate for rural residences, however it is not an adequate 
representation for urban areas. 
The fast Fourier transform as performed in PSpice was only 
taken over the last 60Hz period of the waveform. Thus, effects 
produced by the varying resistor may not appear in the fast Fourier 
transform of the load current or secondary voltage. 
CHAPTER 3 
CONCLUSIONS AND RECOMMENDATIONS 
3.1 Conclusions 
The use of a simple ASD heat pump model suggests a decrease 
i n  distribution transformer capability to supply load currents. This 
conclusion is reached on the basis that the ASD heat pump load 
currents are non sinusoidal. More advanced machine models are not 
expected to lead to a drastically different conclusion. The presence 
of many high efficiency heat pumps may cause a dramatic effect on 
the electric distribution system. 
The electric u t i l i l y  coi-rlpany should reassess the costs 
associated with encourrrging the use of high efficiency heat pumps. 
There may be hidden costs clue to transformer derating and 
transformer losses. These costs are the consequences of non 
sinusoidal load currents. There may be reasons for encouraging the 
use of ASD heat pumps, however, the fu l l  cost of these loads should 
be considered. This power quality issue warrants further research. 
3 . 2  Recommendations for future work 
One extension of this report should be the inclusion of more 
detailed models of the electric motor and the heat pump compressor. 
A better model of the load torque produced by the compressor of the 
heat pump should be used. A more accurate model of the effect this 
variable load torque has on the motor should be simulated. The 
electronic drive used i n  this report is just one of several strategies 
employed ir,  obtaining variable speed. The effect that other 
electronic drives have upon the distribution transformer should also 
be examined. 
ANSIIIEEE Reco~nmended Practice C57.110-1986, as it is  
presently written, assumes that the non sinusoidal transformer load 
currents possess a Fourier spectrum with energy concentrated at 
integer multiples of 60Hz. Some drives do not exhibit this type of 
spectrum. I t  is recommended that the effects of load currents with 
other than integer harmonic spectra be examined. 
Another means by which this research could be improved is 
the use of more accurate models of the distribution slystem for this 
application. This would also include a more accurate model of the 
distribution transformer. 'The impact that multiple ASD heat pumps 
may have on the entire electric distribution system might prove to 
be the most significant issue warranting further research in this 
power quality area. 
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APPENDIX 
PSpice I n p u t  File 
heatpump.cir 
* 
.PARAM pulse-width = 2.01ns, slip = {1/6), f = 60, pi =I 3.14159265 
.PARAM alfa = 90, icgt = I v ,  iccur = OA, period = { l / f )  
* 
VIN 1 0 sin(0V 3 1 I . I  27V 60 0 0 (alfa)) 
* 
XSCRl 4 5 SCR params: tdly = 0, icgate = (icgt) 
XSCR2 5 4 SCR paranis: tdly = {period*0.5), 
+ icgate = {-icgt] 
XRES 7 8 TVRES 
* 
L 1 8 0 6.5mH IC = (iccur} 
L 2  7 0 6.0H 1C = (iccur} 
R2 7 0 5 0 0 
L 3  5 6 0.65mH IC=(iccur)  
R3 6 7 I .O 
RLOAD 4 0 7 5 
LXFR M 3 4 0.1 8 m H 1C = {iccur) 
RXFRM 2 3 0 . 0 0 7 
LSYS 1 2 0.8mH 1C = (iccur} 
* 
* 
.SWBCKT TVRES 101 1 0 2  
RSMAL 1 0 3  1 0 4  1 0  
VSENS 1 0 4  1 0 2  O V  
ERES 101  1 0 3  VALUE= 




.SUBCKT SCR 1 0 1 1 0 3 paralns: tdly = 1 ms, icgate = OV 
SW 101  1 0 2  5 3  0 SWITCH 
VSENS 1 0 2  1 0 3  O V  
RSNUB 1 0 1 1 0 4 2 0  0 
CSNWB 1 0 4  1 0 3  l u F  
* 
VGATE 5 1  0 PULSE(0 1 V ( t d l y j  O 0 {pulse-width] {period]) 
RGATE 5 1 0 1 MEG 
K A T E  5 2 0 TABLE {I(VSENS)+V(Sl)] = (0.0,O.O) (0.1,l.O) 
( 1  .O,l .O) 
RSER 5 2  5 3  1 
CSER 5 3  0 1 u F  IC = (icgate] 
* 




.TRAN 50us 50ms 0s 50us UIC 
.PROBE V(1) I(LXFRM) V(4) I(L3) 
.PROBE l(L1) V(7.8) 
* 
